Abstract-One of the main difficulties in observing quantum coherence (MQC) in rf-SQUID based systems is extremely short coherence times.
I. Introduction U P to now experiments that attempt to demonstrate the existence macroscopic quantum states in Josephson junction have employed primarily spectroscopic approach with various degrees of success. These experiments usually attempt to manipulate quantum dynamics of SQUID systems by applying microwave fields tuned to transitions of phase variable between energy states [1] [2] [3] . Main problem of these approaches is that although they provide us with exact mapping of energy levels for SQUIDlike systems [2] - [6] it is very hard to find the evidence of precise evolution of the prepared energy states since the system evolves decays faster than available measurement devices. In our view the principal experiment that can serve as proof of proper state preparation and consequently state evolution is real-time measurement that involves on-chip measuring RSFQ-based circuitry. The approach to such experiments have been described elsewhere [8] [9] [10] [11] [12] and this paper deals primarily with one of the difficulties such experiments have in their realization. Namely, application of RSFQ circuitry to observe the Macroscopic Quantum Coherence (MQC) requires the presence of resistively-shunted junctions in the vicinity of qubit itself and the absence of reliable interaction switch between the qubit and RSFQ circuitry means some degree of coupling between qubit states and shunt resistors [12] . There is no doubt that the coupling will have degrading effect on qubit time of decoher- ence [10] and may simply prevent the observation of coherent evolution of qubit states. One of possible solutions to this dilemma may be the construction of appropriate isolation filter that will prevent propagation of small-signal thermal noise from shunt resistors to the qubit system and at the same time will allow the proper measurement to take place (in the context of RSFQ circuitry it means unhindered propagation of RSFQ signal.)
II. General Idea
If such isolation filter is to be realized in practice it has to possess the following characteristics: no resistive elements are allowed, sufficient suppression of small-amplitude signals is required across the frequency spectrum, also it cannot trap the magnetic flux which places restrictions on the parameters of the elements of the filter. The general idea behind the proposed scheme is actually rather simple. If we consider the RSJ model used for description of phase variable dynamics [7] , for small signals a Josephson junction can be represented as having nonlinear Josephson inductance
where Φ 0 is a flux quantum, I c is a value of critical current of a junction and φ is the phase angle imposed by the bias current. Combined with capacitance C the behavior of a junction shown at Fig. 1 can be described as that of a band-pass filter with passband centered around the plasma 
with the passband width depending on subgap resistance R g . The plasma frequency for a Josephson junction is technology dependent and will be the same for all junction fabricated on the chip, regardless of their dimensions. In order to use Josephson junction's passband behavior to filter out small signals across the frequency spectrum it is necessary to design a cascade of capacitively-shunted Josephson junctions with the values of total capacitances chosen in such ways that the corresponding passbands of the junctions in the cascade do not overlap. The Fig. 1 illustrates this approach. The number of capacitively-shunted junctions in the cascade and their parameters are dictated by the value of the required suppression of small signal, the resulting large signal transfer function and the geometry constrains of the chip layout and should be carefully optimized by the filter designer.
III. Frequency Response Simulation
When we started to work on the design of the isolation filter, we encountered an unexpected difficulty: a circuit simulator used in our group, namely jspice, does not allow the frequency analysis of circuits containing Josephson junctions as elements. While it is obviously feasible to employ standard mathematical program, such as Matlab, to analyze frequency response of a Josephson junction, we require a simulator capable of performing timing and frequency analysis for a circuit of considerable complexity. Luckily during the work on modeling of deep-submicron junctions [13] we discovered the CAD solutions that is extremely well suitable for both circuit analysis and device model testing -SpectreHDL from Cadence. This tool allows a designer to use a symbol with designated terminals as an element in a circuit and then apply various mathematical functions to describe voltage-current characteristics of the device represented by the symbol. Here is an example of the RSJ model used in early simulations: Once we have designed the satisfactory model for the Josephson junction, we successfully tested it on the voltagephase relations for Josephson junction. Fig. 2 shows the result of this simulations with the expected sinusoidal voltage oscillations of frequency f J = eV πh . We also have performed time-domain simulations of RSFQ pulse propagation through Josephson transmission line (JTL) stages formed by resistively-shunted junctions and inductors. Results of these simulations have been compared to those obtained with jspice and were found to be identical.
Since we were satisfied with the performance of Spectre-HDL model of Josephson junction, we decided to simulate the frequency response of such junction and compare it with response of the resistively shunted L J C loop. Results of the simulation is shown at Fig. 3 . The figure demonstrates (from left to the right) the current transfer function of the circuit, the magnitude and the phase of the voltage transfer function. As we expected, the frequency response of the L J C loop shows narrower passband than RSJ model does since in the simulation L J C loop is resistively shunted by the large leakage resistance while the RSJ model used smaller shunt resistor to set McCumber parameter β c = 1. We also performed simulation of the frequency response of a Josephson junction for a various values of critical current. As expected from RCJ-model predictions, the simulations showed constant central frequency of passband with the width of passband decreasing as the value of the junction's critical currect increased due to smaller subgap resistance value of a junction. Results of this simulation are shown at Fig. 4 
IV. Simulation of Isolation Filter
After the simulations described in the previous section, we were confident that have adopted a tool that would allows us to perform required frequency and timedomain simulation of isolation filter. To test our isolation scheme we simulated a frequency response of a chain of 5 capacitively-shunted Josephson junctions with the capacitors increasing by 2pF every stage of the filter. The Fig. 5 shows the results of the simulation. It demonstrates (from left to right) the magnitude of voltage as a function of frequency for the output and input junctions (subplot 1) , the phase of the voltage for the output and input junctions (subplot 2) and finally overall voltage transfer function of the filter (subplot 3). Even with the value of the capacitive shunt unoptimized we found that this filter offers at least −20dB of suppression of small signal across the frequency spectrum. The filter was performing as we expected and its function will only benefit from the future optimization of its parameters.
In order to simulate propagation of an RSFQ pulse through the isolation filter, we have constructed a circuit consisting of several ordinary JTL stages interrupted in the middle by the simplified isolation filter cell consisting only of 2 Josephson junctions, one of which was capacitively shunted. The value of the shunt capacitance is 2pF . We used the junction parameters of HYPRES 1kA/cm 2 fabrication process in this simulation. The value of inductance between filter's junctions is 2.8pH. A single RSFQ pulse have then been inserted at the input of the leftmost JTL cell and the system was allowed to evolve for some time. Our primary concern was to find out whether the isolation filter would allow an RSFQ pulse to propagate through it at any set of bias current values altogether. As Fig. 6 shows an RSFQ pulse does indeed propagate through the isolation filter cell, although since the junctions used in the filter are capacitively and not resistively-shunted they initiate RSFQ-pulse generation after the initial RSFQ pulse arrival.Although generally in RSFQ circuitry this behavior is undesirable, the review of the proposed MQC experiments employing RSFQ control circuits [8] [9] [10] [11] [12] , suggests that this difficulty can be circumvented since all the experiments are designed to be "one-shot" with bias currents of qubit reset after each measurement. What matters in these proposed experiments is the exact and fast measurement of the time event of the qubit evolution and isolation filter cell does not impede the possibility to perform this measurement. The first pulse emitted by the last junction in the isolation filter can be detected by using DRO cell while the rest of the pulses can be eliminated by the buffer stage between DRO and JTL cells. After the measurement, the external bias of the isolation filter will have to be reset. 
V. Future Work
To continue development of effective isolation filter we plan to pursue the following research:
• Develop fully hysteresis SpecteHDL model description for Josephson junction.
• We have designed and sent for fabrication 2 IF experiments for MIT LL 500A/cm 2 and HYPRES 1kA/cm 2 processes. Fabricated designs will be tested for functionality, working parameter margins and small signal transfer function.
• Noise propagation analysis for isolation filter.
• Circuit optimization in respect to inter-junction inductances and capacitance step ratio.
• Explore the possibility of using anti-flux emitted when RSFQ pulse propagates through isolation filter to prevent latching of the filter's junctions into the voltage state. The small delay after initial 2 pulses in the filter's response (see Fig. 6 ) suggests that it is possible with careful choice of parameters of the filter.
VI. Conclusion
We have developed a new type of isolation filter designed to effectively shield superconducting qubit cells from the on-chip RSFQ circuitry used for control of the experiment and measurement of dynamics of qubit states. In the process of the filter design we developed a new approach for the simulation of Josephson junction frequency response. It was shown in simulation that proposed filter demonstrates required characteristics. Designed circuitry has been laid out and sent for fabrication to two superconducting foundries.
